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Resumen y Abstract IX 
 
Resumen 
Esta investigación busco evaluar el almidón de yuca (Y) y el  concentrado de proteína de 
suero de leche (WPC) como matrices encapsulantes de limoneno y goma arábiga (GA) 
como testigo; se prepararon mezclas almidón de yuca (Y), goma arábiga (GA) en 
proporción 50:50 y 17:83, almidón de yuca (Y) concentrado de proteína de suero de 
leche (WPC), en proporciones 50:50 y 17:83 y concentrado de proteína de suero de 
leche (WPC), encontrando eficiencias de encapsulación mayores al 40% determinadas 
por cromatografía de gases. Se realizó la caracterización morfológica de cada una de las 
matrices estudiadas por microscopía electrónica de barrido (MEB) encontrando 
efectividad del proceso de encapsulado; las difracciones de rayos X permitieron evaluar 
el cambio de fase de las matrices encapsulantes; los valores de ISA, IAA para cada uno 
de los sistemas encapsulantes se vieron afectados por el contenido de almidón de yuca 
en cada una de las formulaciones, de manera similar se vieron afectados los parámetros 
de color evaluados con el sistema Hunter L*,a*,b*,c* y ho*. 
Palabras clave: almidón de yuca, proteína de leche, goma arábiga, secado por 
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This study aimed to evaluate cassava starch (Y) and  whey protein concentrate (WPC) as 
encapsulating matrices for limonene and arabic gum  (AG) as a witness.  Mixtures of 
cassava starch (Y) and Arabic gum (GA) were prepared in ratios of 50:50 and 17:83. And 
also cassava starch (Y) :  concentrated whey protein (WPC) in ratios of  50:50 and 17:83, 
concentrate whey protein(WPC) alone, finding encapsulation efficiencies of greater than 
40% determined by gas chromatography. Morphological characterization was performed 
for each  matrix  by scanning electron microscopy (SEM) showing the process of 
encapsulation effectiveness.  The X-ray diffraction allowed to evaluate the phase 
transitions of the encapsulating matrix. The WSI and WAI values for each encapsulating 
system were affected by the cassava starch content in each formulation. The color 
parameters were also affected as shown by Hunter system measurement: L *, a *, b *, c * 
and ho *. 
Keywords: tapioca starch, whey protein concentrate, Arabic gum, spray drying, SEM, 
XRD, limonene.    
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La yuca es uno de los cultivos más importantes en países tropicales, siendo el cuarto 
después de arroz, trigo y el maíz, es considerado como una de las fuentes más 
económicas de energía.  Las pérdidas pos-cosecha de este cultivo son elevadas 
relacionadas a una corta vida de almacenamiento [1,2].  De esta manera el almidón de 
yuca  ha sido considerado como una materia prima con alto potencial de procesamiento y 
generación de productos con alto valor agregado[3]. 
 
En la industria alimentaria nuevas tendencias como la encapsulación de ingredientes 
sensibles ante condiciones externas (temperatura, luz, oxigeno, humedad),  y la 
adecuada manipulación de estos para ser incorporados en diferentes matrices 
alimentarias, necesitan de materiales para brindar la protección adecuada a ingredientes 
como: aceites esenciales, oleoresinas, vitaminas, prebióticos; los cuales durante los 
procesos productivos, empaque o almacenamiento pueden llevar a la degradación o 
perdida de características de estos ingredientes sensibles llamados “núcleos” o 
compuesto activo.  
La encapsulación es un proceso físico, el cual recubre  los materiales del núcleo con una 
capa protectora, cubierta o material de pared previniendo reacciones adversas, la perdida 
de ingredientes volátiles y controlando la liberación del núcleo [4,5,6,7]. 
Materiales de pared como el almidón y sus derivados son de amplio uso en la industria 
de alimentos para retener  y proteger los compuestos volátiles, actuando como vehículos 
para encapsular aromas, reemplazar  grasas y estabilizar  emulsiones. Nuevos 
materiales a base de almidón, conocidos como almidón microporoso, mejoran la 
retención de sabores, la liberación controlada en el espacio de cabeza de un empaque o 
la adsorción selectiva de impurezas y componentes amargos [8], aplicaciones de 





El almidón es un biopolímero semicristalino, formado principalmente por dos clases de 
polisacáridos amilosa y amilopectina.  La amilosa es un polímero relativamente largo, 
lineal contiene 99% de enlaces glucosídicos alfa (1-4) y el 1% de alfa (1-6); la 
amilopectina contiene 95% de enlaces alfa (1-4) y 5% de alfa (1-6) [12].  El 70% de la 
masa de un grano de almidón se considera amorfo y el 30% aproximadamente cristalino, 
las propiedades del almidón dependen de la proporción de amilosa y amilopectina, el 
tamaño molecular de la amilosa es muy variable y tiende a formar estructuras 
helicoidales capaces de incluir a otras moléculas como ácidos grasos e hidrocarburos; la 
amilopectina a diferencia de la amilosa, no tiene casi tendencia a la retrogradación y no 
presenta envejecimiento aunque la concentración sea muy alta [11, 16].  
La estructura lineal de la amilosa y muy ramificada de la amilopectina, son  importantes 
en la funcionalidad del almidón original y sus derivados. Además, la viscosidad, 
resistencia al corte, gelatinización,  textura,  solubilidad, pegajosidad, la estabilidad del 
gel, la hinchabilidad por frío y la retrogradación dependen de la relación 
amilosa/amilopectina.  Características físicas de importancia en la funcionalidad  del 
almidón, son  la forma y superficie de los gránulos, en especial cuando se utiliza  como 
portador de colores en la superficie de sabores y condimentos [14]. 
La interacción almidón-volátiles se puede presentar de dos formas,  cuando  los 
componentes del sabor se atrapan en la hélice de amilosa  a través de enlaces 
hidrofóbicos y cuando se presentan  interacciones polares que involucran enlaces de 
hidrogeno entre los grupos hidroxilo del almidón y los componentes del aroma [13]. 
 Los almidones nativos pueden presentar desventajas en alimentos debido a su textura 
cohesiva, sensibilidad al calor, cizallamiento, falta de claridad, opacidad y baja 
viscosidad.  Durante el almacenamiento se puede observar retrogradación y precipitación 
como problemas adicionales. Debe seleccionarse el almidón de acuerdo a la aplicación 
particular, se deben tener en cuenta las propiedades deseables por el mercado como son 
los aspectos estructurales, estéticos, consideraciones organolépticas y estabilidad 
durante el almacenamiento [13]. 
Entre otras sustancias usadas como materiales de pared se encuentran la goma arábiga, 
almidones hidrolizados, almidones emulsificantes, almidones hidrofobicamente 
modificados, beta ciclodextrinas, almidones modificados enzimáticamente y sus 
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combinaciones [5,9,18,19,20,21].  Algunas proteínas como las proteínas del suero lácteo, 
caseinato de sodio y gelatina también son utilizadas como materiales de pared [22, 23]  
Concentrado de Proteína de suero de leche 
Proteínas de suero de leche como materiales de pared han sido estudiadas, 
aprovechando la capacidad ligante y especificidad selectiva de la alfa-lactoalbumina, 
beta-lactoglobulina ;  la interacción entre proteínas y compuestos volátiles  es generada 
por la capacidad ligante ejercida por las proteínas del suero de la leche, carbohidratos y 
lípidos que contiene, la beta–lactoglobulina, alfa–lacto albúmina, presentan 
características adecuadas para proteger alimentos o compuestos activos, con previa 
desnaturalización para dejar libres los grupos disulfuro y promover redes tridimensionales 
estables [22, 23,24].  
Las proteínas del suero exhiben efectivas propiedades microencapsulantes, apropiadas  
para preparar microcapsulas solubles en agua útiles en la industria alimentaria [25]. Las 
microcapsulas para liberación controlada obtenidas con proteínas de suero de leche 
presentan algunas propiedades fisicoquímicas que las hacen apropiadas para 
aplicaciones en la industria de alimentos, entre esas propiedades se destacan la buena 
emulsificación, gelificación y formación de películas, buenas propiedades encapsulantes 
para núcleos de compuestos volátiles y no volátiles y excelente protección ante la 
oxidación [25,26,27,28,29]. 
La estructura amfifilica de las proteínas de la leche confiere excelentes propiedades 
superficiales, capacidad para absorber las interfaces aceite-agua y estabilizar 
emulsiones, influenciada por su estructura, flexibilidad, estado de agregación, pH, fuerza 
iónica y temperatura [30]. 
El objetivo de este trabajo fue evaluar el almidón de yuca (Manihot esculenta Crantz) y 
concentrado de proteína de suero de la leche, como encapsulantes de limoneno y goma 
arábiga como testigo,   en mezclas almidón de yuca – concentrado de proteína de suero 
de leche,  en las proporciones 50:50 y 17:83 y almidón de yuca – goma arábiga en las 
proporciones 50:50 y 17:83, durante dos tiempos de almacenamiento t=2 (11 días) y t=3 
(22 días) por cromatografía de gases.  
Caracterizar fisicoquímicamente  y morfológicamente cada una de las matrices 
encapsulantes por microscopia electrónica de barrido, Difracción de rayos X, Color en el 
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sistema CIELAB y determinar el índice de solubilidad en agua  e índice de absorción en 












































1. Capítulo 1 Use of Starches and Milk 
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Whey milk proteins and starches are important sources of wall materials applied in spray-
drying, extrusion, and molecular inclusion microencapsulation processes commonly used 
in food and medicine manufacturing. The objective is protect active ingredients like as: 
aroma, colors, flavors, during  processing conditions, packaging, and for microorganisms 
sensitive to external conditions. In these processes sensitive components are coated in, or 
protected by, wall materials that improve handling and application, and increase shelf-life 
of core materials. Whey milk proteins and starches may be able to replace the common 
wall material arabic gum, and could be used alone, or in mixes, to improve their 
characteristics and specific applications in microencapsulation. 
Key words: encapsulation, extrusion, molecular inclusion, spray-drying 
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Artículo aceptado y en publicación en la revista: International Journal of Vegetable 
Science. Ver Anexo A. 
Particle encapsulation processes are commonly used in the food industry to produce a 
variety of materials that can be used as functional additives. Encapsulation is a process 
involving application of a coating, covering, or wall material to protect sensitive 
ingredients, or to prevent adverse reactions at the core, prevent loss of volatile ingredients, 
and control release of core material (Luzzi and Palmieri, 1985; Broadhead et al., 1992; 
Bataille et al., 2000; Bruschi et al., 2003). Encapsulation as a storage form protects 
functional molecules that are sensitive to external conditions including temperature, light, 
oxygen, and moisture, reducing core transfer to external media and prevent changes to 
physical characteristics of the core material, which facilitates handling and prolongs core 
shelf-life (Cuq et al., 2011; Loksuwan, 2007; Zamora et al., 2007; Turchulli et al., 2006). 
 The material encapsulated is called the internal phase, or active compound, and the 
overlying material called the wall, or matrix, generally does not react with the material to 
be encapsulated (Ahmed et al., 2010; Aguiar et al., 2011).  Microcapsules are applied for 
controlled release of flavors, colors, aromas, perfumes, medicines, fertilizers, vitamins, 
and printing precursors, to ensure protection of nutritional compounds in food, or for 
controlled and uniform distribution, and release of a metabolite.  Adverse reactions during 
processing are minimized, improving the nutritional value, functionality, and product 
appearance (Gharsallaoui et al., 2007; Cuq et al., 2011; Loksuwan, 2007, Zamora et al., 
2007; Ahmed et al., 2010; Soottitantawat et al., 2005; Zeller et al., 1999; Turchiuli et al., 
2005; Lopez-Rubio et al., 2012). 
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 Starch and its derivatives are used in the food industry to retain and protect volatile 
compounds by acting as carriers to encapsulate flavors, stabilizing emulsions, and 
replacing fat. New materials known as micro-porous starch improve flavor retention and 
their controlled release in the headspace of a package, or the selective adsorption of 
impurities and bitter compounds (Ducruet et al., 2002). Starches from various plant 
sources are used as carriers (Cuq et al., 2011; Loksuwan, 2007; Ducruet et al., 2002; 
Yuliani et al., 2006; Liu et al., 2009; Jayakodi et al., 2008; Tolstogusov 2003; Sriroth et 
al., 1999). 
 Other substances used as wall materials include gum arabic, hydrolyzed starches, 
emulsifying starches, hydrophobically modified starches, β-cyclodextrin, enzymatically 
modified starches, and various combinations of these substances (Loksuwan,. 2007; 
Ducruet et al., 2002; Dattanand et al., 2007; Compton et al., 2007; Hailong and Qingrong, 
2010; Pagola et al., 2009. Certain proteins, such as whey protein, sodium caseinate, and 
gelatin, are used as wall materials (Loksuwan, 2007; Jönson et al., 2001). 
1.1 Encapsulation methods 
Physical and chemical methods are used for encapsulation. Physical methods used most 
frequently include extrusion and spray-drying, which are characterized by use of 
temperature and pressure to drive formation of the wall that coats the core material. 
Chemical methods, such as molecular inclusion, are distinguished by reactivity of the 
external wall material surrounding the encapsulated core. The following sections describe 
several of the main encapsulation methods. 
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1.1.1 Extrusion 
Extrusion, a continuous process for preparing starch-based systems, is an effective and 
low-cost way to encapsulate substances in starch matrices. Extrusion transforms the 
structure of starch from a granular and semi-crystalline material to a highly viscous and 
plastic substance (Zeller et al., 1999; Ducruet et al., 2002; Pagola et al., 2009; Yilmaz et 
al., 2001). This technique is the most frequently used method for processing starch-based 
polymers. It easily handles high-viscosity polymers in the absence of solvents, has good 
operational flexibility under a wide range of processing conditions (0 to 500 atm and 70 to 
500°C), and offers the ability to control residence times and degrees of mixing through 
multiple injections (Turchulli et al., 2006; Liu et al., 2009). 
 A typical extrusion methodology for encapsulation of flavors is melting, 
emulsification, and formation of a matrix with a given polymer. Encapsulation via 
extrusion offers advantages due to production of large particles (0.25 to 2 mm); this 
process also extends shelf-life of flavors, as it provides a strong barrier to oxygen. All of 
the factors should be taken in account during implementation of the final product, 
including consumer demands (Reineccius, 2006). 
1.1.2 Spray Drying 
Spray drying is a physical method used due to its effectiveness and price. In this process 
sensitive ingredients are mixed, or homogenized, in a solution containing wall material to 
form a stable emulsion, which is then fed into a spray-dryer, where it is converted into dry 
particles using hot air. The atomized droplets generally have diameters between 10 and 
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200 µm (Cuq et al.,2011; Loksuwan, 2007; Turchulli et al., 2006; Zeller et al., 1999). The 
active agent that is encapsulated can be composed of one or more ingredients, and the wall 
can be formed of a single or double layer (Ahmed et al., 2010; Aguiar et al., 2011). 
 The spray-drying process involves two steps (Ahmed et al., 2010; Aguiar et al., 
2011; Soottitantawat, 2005; Zeller et al., 1999), i.e., preparation of the dispersion or 
emulsion to be processed,homogenization of the dispersion, and atomization in a drying 
chamber. Spray drying, using starch as encapsulants to solve specific problems, including 
microencapsulation of cumin oleoresin (Dattanand et al., 2007); improvement of in vitro 
activity of curcumin as a cancer preventative (Hailong and Qingrong, 2010), and use of 
purple sweet potato (Ipomoea batatas ) to enhance color, flavor, and nutritional value of 
food products, such as encapsulated flour (Ahmed et al., 2010) have been reported. 
1.1.3 Molecular Inclusion 
Aromatic and volatile compounds can interact with starch in different ways. Use of 
amylose to form helical inclusion complexes around active ingredients is used because a 
wide variety of compounds can form complexes with the hydrophobic core. Usually 
inclusion complexes are prepared from aqueous solutions, and in most cases with amylose. 
These complexes precipitate and are insoluble in solvents such as ethanol, chloroform, and 
acetone (Wulff et al., 2005; Itthisoponkul et al., 2006). 
 The formation of inclusion complexes promotes stabilization because the 
complexes protect the core against influences of oxygen or light (Itthisoponkul et al., 
2007). X-ray diffraction of solid amylose complexes shows that, depending on size of the 
guest molecule, V-type amylose can adopt helices with 6, 7 or 8 anhydrous glucose units 
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per turn and specific directionality depending on the type of ligand (Wulff et al., 2005; 
Itthisoponkul et al., 2007). 
1.2 Wall materials 
In systems where milk proteins and starch co-exist, it is important to understand the 
mechanisms, interactions and synergistic effects that provide maximum benefit to a food 
product. Whey proteins, and starch interactions, have received attention because whey 
proteins can form gels under certain conditions of temperature, salt and concentration 
offering possibilities when heated in the presence of starch or starch dispersions. The 
continuous phase of mixed gels can be made of either a protein, or a starch network, or 
alternatively, of interpenetrating whey protein and starch networks.  The strong interaction 
between starch and protein is possible due to the ionic interaction between negatively 
charged polysaccharide and basic amino acid residues of protein at pH>12 (Korolczuk et 
al., 1996). The most common wall material; its characteristics to be used in encapsulation 
process, and their interaction with core materials, process conditions, and interactions 
between different wall materials affect the performance of the encapsulation process. 
Table 1. Main characteristics of the common wall materials. 
 




 WPI = whey protein isolated   ; WPC = whey protein concentrate     ; OSA = octenil- 
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 (i) Arabic gum 
Arabic gum is a highly branched acacia exudate polymer composed of galactose, 
arabinose, and glucuronic acid, and is a wall material used in microencapsulation of oils 
and flavors. This compound is a natural rubber with good emulsifying properties, has a 
low protein content, and exhibits high solubility with low viscosity in aqueous solutions 
compared with other gums, which facilitates drying (Roos and Kaushik 2007). This 
material is considered to be ideal for lipid, monoterpenes and flavors encapsulation 
(Turchiuli et al., 2005; Dattanand et al., 2007; Tonnon et al., 2011; Bertollini et al., 2001; 
Reineccius, 1995). 
 
Arabic gum is an effective wall material due to stability of the emulsion it forms and its 
ability to retain volatile compounds with certain disadvantages for widespread use because 
of its high cost and limited availability (Loksuwan, 2007; Turchiuli et al., 2005). These 
disadvantages have motivated the search for alternatives to replace this material in the 
food industry (Dickinson and Akhtar, 2007). 
 
  (ii) Whey protein isolate (WPI) and whey protein concentrate (WPC) 
Whey proteins exhibit effective microencapsulating properties are suitable for preparation 
of water-soluble microcapsules for use in the food industry (Lopez-Rubio et al., 2012; 
Rosenberg and Sheu 1996; Lopez-Rubio and Lagaron, 2012). Controlled-release 
microcapsules obtained with whey proteins have several physicochemical properties 
making them suitable for food industry applications, including good emulsification, 
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gelation and film formation, good encapsulating properties for volatile and non-volatile 
core compounds, and excellent protection against oxidation (Rosenberg and Sheu, 1996; 
Rosenberg and Lee, 2000; Baranauskien et al., 2006; Keogh and Brendan, 1999). 
The interaction between proteins and volatile compounds is generated by binding capacity 
of whey protein concentrate which contain β-lactoglobulin, α-lactalbumin, . These latter 
compounds have characteristics suitable for food protection and other active compounds. 
When compounds have been previously denatured, free disulfide groups are able to 
promote formation of stable three-dimensional networks like aggregates or films (Jönsson 
et al., 2001; Mclntosh et al., 1998; Jayasundera et al., 2009); appropriated process, and an 
appropriated plasticizer promote whey protein aggregates formed by heat denaturation, 
these aggregates cross link during concentration (drying), the latter cross-linking step, 
forming covalent S-S bonds, causes the film to become insoluble (Cosidine and Flanagan, 
2009). 
 The WPC and WPI exhibit excellent microencapsulating properties for volatile and 
nonvolatile core materials; WPI matrices have been reported to provide effective 
protection against oxidation of encapsulated lipids in storage conditions that promote lipid 
oxidation (Shpigelman et al., 2009). Milk protein products as whey protein isolates have at 
least 90% protein, and whey protein concentrate have excellent emulsifying and 
dehydration properties; whey protein concentrate contain 35-75+% protein. The WPC is 
made up by a diverse group of proteins that function in a wide variety of food applications. 
The WPC proteins have globular structure and stay in solution over a wide range of pH; 
can be denatured by heat, and exhibit heat induced gelation (Vernon-Carter et al., 2012). 
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 Since milk whey protein is a low cost by product of the dairy industry, whey 
protein has been studied for its potential to be used as a shelf-life extenders in tomato 
(Solanum lycopersicum L) and theophylline (Rosenberg and Lee 2000; Forrest et al., 
2005). Milk proteins bind hydrophobic molecules by hydrophobic interactions, van der 
Waals attraction and hydrogen bonds. β-lactoglobuline binds to many hydrophobic 
molecules, particularly vitamin D, retinol, omega-3 fatty acid DHA, polyphenolic 
compounds like resveratrol and ephigallotechingalate (Liang et al., 2008; Cosidine and 
Flanagan, 2009; Shpigelman et al., 2009; Forrest et al., 2005; Fox and Mc Sweeney, 
2003). α-lactalbumin can apparently bind retinol and palmitic acid (Cosidine and 
Flanagan, 2009). 
 Advantages of microencapsulation with WPI include its water solubility, ability to 
retain a core, and its >90% microencapsulation efficiency (Rosenberg and Lee, 2000). The 
amphiphilic structure of milk proteins imparts excellent surface properties, including the 
ability to absorb the oil-water interface and stabilize emulsions, which are influenced by its 
structure, flexibility, aggregation state, pH, ionic strength, and temperature (Livney, 2010). 
 Addition of small amounts of WPI (0.125% solution) improves drying of sucrose 
compared with maltodextrin. This protein forms rich films at the interface, indicating that 
proteins can be used as agents for drying to minimize stickiness of sugar and fatty foods 
via surface modification (Jayasundera et al., 2010). 
 (iii) Native Starches 
Starch is a natural polymer which is renewable, biodegradable, abundant and relatively 
low cost, attracting interest as a base material for manufacture of sustainable, 
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biodegradable plastic products. Typically starch must be modified, or blended with other 
materials, to achieve a more appropriate property balance (Billon et al., 2000). The native 
starches, depending on source,, partly modified with protein and lipids, may be 
phosphorylated or have other functionality (Jane, 2009). 
 Starch is a semicrystalline biopolymer, with molecules arranged in a hierarchical 
structure to form granules with an average diameter 5-40 μm depending on plant species 
(Perez et al., 2009). Starch is primarily composed of two types of polysaccharides: 
amylose and amylopectin. Amylose is a relatively long, linear, polymer containing 99% 
alpha-glycosidic linkages (1-4) and 1% alpha linkages (1-6). Amylopectin contains 95% 
alpha (1-4) and 5% alpha (1-6) linkages (Jayakodi and Hoover, 2008). Approximately 70% 
of a starch grain is amorphous, and approximately 30%, considered to be crystalline, with 
properties of starch depending on the amylose/amylopectin ratio. The molecular size of 
amylose is highly variable; the molecule tends to form helical structures and is capable of 
enclosing other molecules, such as fatty acids and hydrocarbons. Amylopectin, unlike 
amylose, has almost no inclination to retrograde and is not degraded even when the 
concentration is very high (Liu et al., 2009; Rahman et al., 2007). 
 The linear structure of amylose, and highly branched structure of amylopectin, are 
important for functionality of these native starches and their derivatives. In addition, 
viscosity, shear strength, gelling ability, texture, solubility, stickiness, gel stability, 
tendency to swell from cooling, and tendency toward retrograding depends on the 
amylose/amylopectin ratio. The physical characteristics of importance in functionality of 
starch include granule shape and surface area, especially when starch is used as a carrier of 
colors on surfaces of flavors and seasonings (Tolstogusov, 2003). 
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 Starch-volatile compound interactions can occur in two ways: by trapping flavor 
compounds in the amylose helix through hydrophobic bonds and by polar interactions 
involving hydrogen bonds between hydroxyl groups of starch and various components of 
aromatic compounds (Ducruet et al., 2002). 
 There are disadvantages to use of native starches in foods, including cohesive 
texture, susceptibility to heat, shear forces, lack of clarity, opacity, and low viscosity. 
During storage, additional problems arise due to their retrograde behavior and tendency to 
precipitate. Starch must be selected according to its specific use, and specific desired 
properties must also be taken into consideration, including structural, esthetic, and 
organoleptic considerations and stability during storage (Singhal and Sagilata, 2005). 
 Properties of starch can also be altered by addition of other ingredients. Sucrose 
and sodium chloride, widely-used as ingredients in a variety of processed foods, affect 
starch properties (Chungcharoen and Lund, 1987; Chang and Lui, 1991). Like other 
starches, addition of sucrose and sodium chloride shifts gelatinization of tapioca starch to 
higher temperatures, but does not affect gelatinization enthalpy. 
 Use of biodegradable polymers in controlled release formulations is one area which 
is expected to grow. Work on agricultural controlled release, has concentrated on devices 
using starch, bentonite, and alginate. Starch has promise in the area of pesticide 
formulations (Trimnell and Shasha, 1990). 
 Tapioca Starch 
Tapioca starch is widely produced in Latin America, and is used as a food.  Tapioca starch 
is used to a lesser extent than other starches, like corn (Zea mays L.); its importance as a 
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source of starch is growing in applications including development of edible films (Fox and 
McSweeney, 2003; FAO, 2004). 
 Tapioca starch is differentiated from other starches by its low level of residual 
materials (fat, protein, ash), lower amilose content than for other amylose-containing 
starches, and high molecular weights of amylose and amylopectin. The low protein and 
liquid content differentiates tapioca starch from cereal and Cassava (17-20% amylose) 
starches, and has a higher molecular weight than other starches (Singh and Ali, 1987). 
Tapioca starch use in specialty applications continues to grow, tapioca starch has received 
attention as a replacement for gum Arabic which is in short supply (Anon., 1974). 
 Native tapioca starch is easily converted into an “instant” pre-gelatinized form, also 
known as a cold-water-soluble starch. The preparation method is a continuous feed of 
starch slurry onto a hot drum at 160-170°C; pre-gelatinized starches have also been 
prepared by spray drying (Forrest et al., 2005).  Tapioca starch is easily chemically 
modified, there are no special precautions or equipment required beyond what already 
might be practiced for a particular derivative or reagent applied to other starches. 
Combined use of natural gums and tapioca starch is practiced in the food industry. Exact 
reasons for synergistic effects are not fully understood. While tapioca starch has been 
widely used in combination with gums in food systems, it does not contribute unique 
properties to the system beyond properties already presented. The combination of gelatin 
and tapioca starch can have variable results, depending on concentration. Bahnassey and 
Breene (1994) suggest that the interaction of starch and gum could be as simple as a 
competition for water. The electrostatic interaction between positively or negatively 
charged chemical groups introduced to tapioca starch and gum can occur and significantly 
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change gelatinization temperature and rheological behavior (Chaisawang and 
Suphantharika, 2005, 2006). 
1.3 Interaction between Wall and Core materials during 
encapsulation 
Encapsulation is used for different active compounds for application in the food and 
chemical and pharmaceutical industries. For the food industry, encapsulation of esters, 
flavors, colorants, and oleoresins is very important. 
 During spray drying, esters are influenced by their composition, the solid content 
of the wall material prior to drying, types of components, and initial charges of volatiles in 
the emulsion. Reineccius (1988) reports that large volatile losses occur in the initial stages 
of drying, prior to formation of the dry surface (Rosenberg and Sheu, 1996). 
 The encapsulation of bioactive compounds, such as bacteria, has been carried out 
with milk serum proteins using spray-drying; whey protein coatings serve as a barrier to 
oxygen and prevent oxidation (Nicolai et al., 2011) of core material, and is one way to 
maintain active compounds with the initial characteristics through time. 
 Pharmaceuticals, such as theophylline, have good retention in whey (more than 
70% of the core is retained), and release of this drug is governed by momentum diffusion 
and does not involve dissolution or erosion of wall material. The wall:core ratio 
significantly affects formation, properties, and release characteristics of microcapsules 
(Rosenberg and Lee, 2000).,  
 Specific raw materials and cores related to maltodextrin mixtures with corn syrup 
and whey proteins are effective materials for microencapsulating. Ethyl caprylate; 
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maltodextrin and Tween 80 are used to encapsulate high-bixin compounds; mixtures of 
gum Arabic/maltodextrin/modified starch, compared to gum Arabic alone, present better 
protection to cardamom oleoresin and cumin oleoresin (Loksuwan, 2007; Dattanand et al., 
2007). Maltodextrin and modified starch, combined with sucrose, are effective 
microencapsulants of some flavors (Zamora et al., 2007). 
1.3.1 The step before the spray-drying process:emulsion 
In terms of efficiency of encapsulation, oils and flavors are affected by size of emulsion 
droplets. As particle size of the emulsion decreases, more surface of the oil will be 
exposed in particles which contributes to its breakdown during atomization. A low oil 
content results in a high emulsion viscosity, which reduces spread of oil in atomized 
particles and makes it difficult for oil to migrate to the surface of the particle increasing 
efficiency of encapsulation (Tonnon et al., 2011; Tekin et al., 2005). 
 Total solid content in the emulsion has a positive effect on encapsulation efficiency 
(Tekin et al., 2005). Formation of the cover in a short time makes it difficult for the core to 
diffuse to the dry particle surface. Additionally, increasing viscosity of the emulsion, and 
reducing circulation within particles, induce rapid formation of the cover (Tonnon et al., 
2011). 
 Electrostatic attractions between proteins and polysaccharides are used to create 
more robust interfacial complexes than between biopolymers alone. Stable emulsions are 
formed when the polysaccharide is used to adequately cover the net area of the drop. 
Various combinations of protein (positive charge) and polysaccharides (negative charge) 
are stable in oil-water (O/W) emulsions at low pH (Given, 2009). It has been demonstrated 
when using electrophoresis, WPC-maltodextrin linkages have strong bonds between 
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proteins and polysaccharides and emulsion stability is greater at neutral pH with the best 
retention for smaller drops in the emulsion (Dickinson and Akhtar, 2007). 
 Whey proteins stabilize O/W emulsions of oils containing citral. These emulsions 
are more stable than those containing gum Acacia. It is important to consider the 
hydrophilic-lipophilic balance for this type of application which use emulsifiers and 
additional plasticizers to maintain stability (Yilmaz et al., 2001). However, emulsifying 
starches with lipophilic groups, such as 1-octenyl succinate, may have poor flavor 
protection against oxidation and taste loss (Loksuwan, 2007). 
1.4 Wall materials interactions in the process conditions 
Quality of encapsulated material is determined by technical details of each stage. 
Preliminary operations, such as carrier mixtures, additive inclusion to complement the 
encapsulating matrix, and size and shape of wall materials, play roles in encapsulation 
efficiency. 
 There are several operations prior to the drying process that need to be considered, 
including functionality and properties of wall material used. Encapsulated materials 
benefit from a WPI-starch treatment and develops a continuous network with low 
fragmentation by gelification of WPI (Hemar et al., 2010). The WPI-sodium chloride 
mixtures allow formation of stable aggregates at low ionic strength. Sodium chloride helps 
reduce size of aggregates and increases density, ionic strength, and stiffness (Nicolai et al., 
2011). 
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 Addition of lactose to emulsions prepared using whey protein prevents increase in 
droplet size when emulsions are subjected to spray drying. Lactose in an amorphous state 
forms a continuous glassy phase in which protein chains are dispersed. Better core 
retention occurs in spray drying for emulsions containing lactose (Rosenberg and Lee, 
2000). 
 Use of low-molecular-weight sugars fructose, glucose, sucrose, and lactose, in the 
amorphous state complement the encapsulating matrix and yield high hygroscopicity and 
solubility. The specific properties of sugars, in addition to melting point and glass 
transition temperature, influence the drying process. Competitive adsorption of the surface 
between active substances in liquid formulations can be used to better encapsulate and 
protect sensitive systems, such as proteins/enzymes (Jayasundera et al., 2009). 
 Starches derived from cassava have a microscopic structure and an approximate 
size between 8 and 22 μ, with an average grain size between 12 and 15 μ. The morphology 
of the granule is irregular, oval, or truncated, and the manner in which it captures water at 
time of granule swelling is influenced by harvest time (Sriroth et al., 1999). Modified 
cassava starch has a high solubility in cold water compared with native starch, but native 
cassava starch has a greater rigidity, a more compact crystalline structure, and higher 
viscosity (Loksuwan, 2007). 
 When cassava dextrin is dehydrated, a clear film is obtained and can be used as a 
protective coating replacing from 20 to 40% of the sweet gum arabicin hard rubber. This 
film slows moisture migration, an important quality factor (Singhal and Sagilata, 2005); In 
fresh products, due to moisture loss, wilting could be produced, and dry and unattractive 
appearance decrease product quality. 
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 Problems that can occur when using spray drying include separation of mixtures by 
ingredients used as wall materials, which generally have a small particle size (<100 μm), 
making them highly soluble. This can also present separation problems in dry mixes. 
Separation can be prevented by improving fluidization with a separate agglomeration step 
(Tonnon et al., 2011; Turchulli et al., 2006).  Lipid oxidation can occur at temperatures 
above 170°C but is minimized with inlet temperatures between 140 and 170°C and solid 
content between 17 and 28%. Inlet temperatures below 140°C can result in insufficient 
particle drying (Tonnon et al., 2011; Turchulli et al., 2006). 
 The interest in biopolymers and their interaction with each other has attracted 
commercial interest in applications with industrial targets to improve existing products and 
explore alternatives for reducing costs.  Use of starch-milk protein blends is of interest due 
to stability, availability, specificity, and functionality of these compounds, which could 
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Abstract 
The following mixtures of encapsulating matrices were evaluated in this study: cassava 
starch (Y) and gum arabic (GA) in proportions of 50:50 and 17:83 and cassava starch (Y) 
and whey protein concentrate (WPC) in proportions of 50:50 and 17:83. Encapsulation 
efficiencies above 40% were found using gas chromatography, and a morphological 
characterization of each matrix was performed using scanning electron microscopy 
(SEM). Smooth surfaces were found, indicating the effectiveness of the encapsulation 
process and of the matrices studied, both before and after accelerated aging at 40°C and 
75% relative humidity (RH). X-ray diffraction allowed the evaluation of the phase change 
of the encapsulating matrices before and after spray drying and during the accelerated-
aging test for each of the studied matrices.  The Water Solubility Index (WSI) and Water 
Absorption Index (WAI) values for each of the evaluated encapsulates were mainly 
affected by cassava starch content in each of the formulations. Color variation for each of 
the encapsulates was evaluated using the Hunter system L*, a*, b*, c*, and ho*, finding 
significant statistical variations for each parameter in each of the evaluated matrixes. 
 
Keywords: cassava starch, whey protein, gum arabic, spray drying, SEM, XRD, WAI, 
WSI,colorimetry, limonene. 
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2.1  Introduction 
Employed to produce a variety of materials, particle encapsulation is a standard process 
in the food industry that consists of encapsulating particles in a protective layer, covering, 
or containment material to protect a sensitive ingredient or nucleus from adverse 
reactions. This process prevents the loss of volatile ingredients and helps control their 
release. Encapsulation acts as a storage tool for functional molecules that are sensitive to 
external conditions (temperature, light, oxygen, and humidity), reducing the transfer of the 
nucleus to the medium, modifying the physical characteristics of the material to facilitate 
its manipulation, and prolonging its useful life time during storage [1,2,3,4]. 
Starch and its derivatives are widely used in the food industry to contain and protect 
volatile compounds, acting as containment materials for encapsulating aromas, replacing 
fats, and stabilizing emulsions. Indeed, these applications have been widely reported [2, 
6, 7, 8, 9, 10, 5, 11, 12]. 
New starch-based materials known as microporous starches improve flavor retention, 
contribute to the controlled release of compounds in the head-space of packaging, or 
facilitate the selective absorption of impurities and bitter compounds [5]. 
Starch is a semi-crystalline biopolymer comprised mostly of two types of polysaccharides, 
amylose and amylopectin; 70% of the mass of a starch granule is considered amorphous, 
and approximately 30% is crystalline. The molecular size of amylose is highly variable 
and it tends to form helical structures that can include other molecules, such as fatty acids 
and hydrocarbons. Amylopectin, unlike amylose, has very little tendency for 
retrogradation and does not age even when the concentration is very high [7, 9, 10]. The 
form and surface of granules are considered important functional physical characteristics, 
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particularly when starch is used as a carrier of colorings and on the surface of flavorings 
and condiments [11]. 
Another substance used as a containment material is gum arabic, a highly branched 
polymer exuded from acacia, which is composed of units of galactose, rhamnose, 
arabinose, and glucuronic acid. Gum arabic is one of the most commonly used 
containment materials in the microencapsulation of oils and flavors, as it has emulsifying 
properties, a low protein content, and high solubility/low viscosity in aqueous solutions in 
comparison with other gums, properties that facilitate the drying process [13]. Gum arabic 
has been known for many years as an effective containment material due to the stability 
of its emulsions and its ability to retain volatile compounds. Nonetheless, this polymer 
shows some disadvantages for generalized use due to its high cost and limited availability 
[2], a situation that justifies the search for alternatives to this food industry compound [14]. 
Whey proteins also exhibit effective properties for preparing water-soluble microcapsules 
for the food industry [15]. When are used for controlled release in food applications, these 
proteins show good results with regard to emulsification, gelification, and the formation of 
films, with good encapsulating properties for volatile-compound and non-volatile 
compound nuclei and excellent protection from oxidation [15, 16, 17, 18]. Interactions 
between proteins and volatile compounds are generated by the bonding ability of whey 
proteins due to the carbohydrate and lipid content. Beta-lactoglobulin, alpha-lactalbumin, 
and casein present adequate characteristics for protecting foods or active compounds 
when previously denatured to free disulfur groups and for promoting stable three-
dimensional networks [19, 20, 21].  
The performance of encapsulating matrices and changes in the encapsulant surface 
under different storage conditions may be evaluated using scanning electron microscopy 
(SEM) [17, 26, 27]. The evaluation of microcapsules takes into account the volatile 
compound content and time-dependent stability in addition to the structural changes of 
the matrices, all of which may be studied using gas chromatography (GC) [28] and X-ray 
diffraction [36]. These techniques allow the study of the interaction of matrices with 
encapsulated material and the study of the effect of storage conditions on the stability of 
the encapsulating matrix-nucleus system.  
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The objective of this work was to use X-ray diffraction, scanning electron microscopy, and 
gas chromatography to characterize the encapsulating matrix for an unstable essential oil, 
limonene, using individual matrices, gum arabic, whey protein concentrate and mixtures 
of gum arabic-cassava starch, whey protein concentrate-cassava starch.  
 
 
2.2  Materials and methods 
2.2.1  Experimental Procedure 
The encapsulating matrix mixtures were prepared from different concentrations of 
cassava starch (PROYUCAL, Colombia), whey protein concentrate (Saputo Cheese Inc., 
USA), and gum arabic (as a control, CE Roeper GmbH, Germany) and the encapsulated 
material, limonene (MCI Miritz Citrus, Germany). The gum arabic-cassava starch mixtures 
and whey protein concentrate-cassava starch were evaluated in proportions of 50:50 and 
17:83 for each mixture.  
Spray drying of the encapsulating matrices was performed in triplicate for each of the 
mixtures. Based on a completely random design, the differences among the means were 
determined using the Tukey test (p < 0.05) for the encapsulated limonene contents using 
the SAS® 9.2 statistical software suite (SAS Institute Inc., USA). 
2.2.2 Microcapsule spray drying  
The gum arabic (GA), whey protein concentrate (WPC), and mixtures of gum arabic (GA)-
cassava starch (Y) and whey protein concentrate (WPC)-cassava starch (Y) were 
prepared at 30% with distilled water. Limonene (L) was added to 3%, relative to the total 
content of solids [4, 22, 23]. The emulsions were prepared in a mixer (RHJ-10, Wuxi 
Machinery Development, China) until completely homogeneous. Drying was performed 
using a spray dryer (model 190, Büchi, Switzerland), fed by a peristaltic pump under 30% 
feeding conditions and an atomizing pressure of 4.5 bar. The entering and exit 
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temperatures are shown in Table 1 for each of the matrices studied, their mixtures, and 
the ratio of encapsulating matrix. Unmixed gum arabic was used as a control. 
The output yield from the drying process was calculated using the following formula: 
              
  
                                    
                                                          
      
2.2.3 Storage Conditions 
Samples of each of the dry powders obtained from spray drying were stored at -20 °C in 
metalized bags (adapting the method of Turchiuli et al. [22] and Imagi et al. [24]). For the 
accelerated stability study, the samples were stored under controlled temperature and 
humidity conditions (40°C and 75% relative humidity [RH]) over an initial period (t1) and 
two storage times named time 2 (t2,11 days) and time 3 (t3, 22 days). The samples were 
removed from the stability chamber for characterization at each of the times indicated [3, 
25]. 
2.2.4 Scanning electron microscopy 
The morphology of the dry powder was observed using a scanning electron microscope 
(FEI QUANTA 200, USA) in the low vacuum operating mode (2x10-2 torr) with auxiliary 
nitrogen gas (N2) and a wide field detector. The dry powders were mounted and fixed 
using two-sized carbon tape (17, 25, 26, 27,9). 
2.2.5 X-ray diffraction 
The X-ray diffraction patterns were obtained using a high-resolution diffractometer (Philips 
X´per-PRO, goniometer PW3050/60, The Netherlands) using Bragg Brentano geometry 
(Ө:2Ө), with Cu Kα radiation (λ=1.540598), 45 kV, and 40 mA, measured in a range of 4 
to 90 degrees, with 0.02-degree pass size, at a temperature of 19°C for each sample of 
encapsulating material. These measurements were obtained at an initial time t1 and after 
22 days of storage under conditions of controlled temperature and humidity (see section 
2.3). 
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2.2.6 Evaluation of encapsulated limonene concentration using 
gas chromatography 
The stored samples (see section 2.3) were evaluated according to adapted versions of 
the methods used by Imagi et al. [24] and Turchiuli et al. [22]. To obtain the concentration 
of essential oil on the surface, consecutive washes with n-hexane [26] were performed for 
each of the matrices studied. Each one of the washed powders was dissolved in water to 
release the encapsulated limonene and to determine total acid content within each matrix. 
Successive liquid-liquid extractions using n-hexane were performed for each of the 
matrices. To evaluate the microcapsules, the content and stability of volatile compounds 
was measured relative to time using gas chromatography (GC) with a programmed 
temperature ramp between 50°C and 200°C [28] (7890A Device, Agilent Technologies, 
USA) with helium as carrier gas and an HP 5 MS column of 60 m in length, 250 μm in 
diameter, and 0.25 μm thickness in the stationary phase. 
2.2.7 Water solubility index (WSI) and water absorption index 
(WAI) determination  
WSI and WAI determination followed the method described by Anderson (1969). 2.5 g of 
each of the powder encapsulates were weighted and dissolved in 30 ml of water at 30°C 
during 30 minutes under constant agitation. Afterwards they were centrifuged at 5000 x g 
during 10 minutes; the supernatant was dried at 110°C during 24 hours, and then 
precipitated was weighed. WSI and WAI determinations for each of the samples at the 
three evaluated times were carried out in triplicate. 
WSI and WAI values were calculated using the following formulas: 
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2.2.8 Evaluation of encapsulates by colorimetry 
Color measuring was performed with a Konica Minolta colorimeter model CR 400 (USA) 
using a Xenon lamp and D65 illuminant as light source (Yuliani et al., 2006; García et al., 
2002), and using the color space CIE L*a*b*; a white plate was used as pattern 
(L*=94.78, a*=-0.39, b*=3.61). Measurements were performed in triplicate for each of the 
samples [7].  The colorimetric patterns were calculated with the following formulas: 
Chrome:     
  √               
 
 




2.3 Results and discussion 
Dry powders were obtained from each of the encapsulating matrices using water-based 
prepared emulsions (see section 2.2). The output yield from the encapsulating matrices 
with a higher proportion of cassava starch (C) present in the formulation (17:83) provided 
powders with a greater fluidity during the spraying process, directly influencing the 
stabilization of the spraying system in the sprayer, as shown in Table 1. This table shows 
the entry and exit temperatures of the device in addition to the respective yields.  
Table 1. 
Ratio of matrices with gum arabic (GA), cassava starch (Y), whey protein 













GAL 100:3 170°C +/- 2 52°C +/-2 20 
WPCL 100:3 170°C +/-2 83°C +/-2 55 
WPCYL 50:50:3 170°C +/-2 70°C +/-2 55 
WPCYL 17:83:3* 170°C +/-2 80°C +/-2 57 
GAYL 50:50:3 170°C +/-2 70°C +/-2 35 
GAYL 17:83:3* 170°C +/-2 80°C +/-2 50 
All the results are statistically diferents in exit temperatura and yield,  analyzed by ANOVA and test F (0,05 confidence).  
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For each system including a gum arabic (GA) control, the entry temperature conditions for 
the spray dryer were 170°C, whereas the exit temperature varied depending on the 
composition of each of the samples, as shown in Table 1. Drying conditions of greater 
stability and protein microparticle fluidity into the collector were observed for the case of 
gum arabic relative to the whey protein concentrate. At greater exit temperatures, a 
greater dry product yield was obtained: 55% for WPCL versus 20% with GA. Similarly, a 
greater increase of 20°C exit temperature was observed with the cassava starch mixtures 
relative to gum arabic alone.  
Different studies have corroborated the encapsulating ability of gum arabic [13, 2, 15, 16, 
17, 18, 19, 20, 21] and whey protein concentrate for volatile compounds or active 
ingredients. Similar results were obtained in this study. The mixtures mentioned and 
shown in Table 1 were evaluated as limonene encapsulants, with a greater yield 
performance for those with a greater concentration of cassava starch during the spraying 
process, i.e., GAYL at 17:83 and WPCYL at 17:83. 
2.3.1 Analysis of powdered limonene encapsulants using 
scanning electron microscopy SEM 
Before the spray-drying process, the encapsulating matrices of gum arabic (GA), whey 
protein concentrate (WPC), and cassava starch (Y) showed irregular shapes (Figure 1a, 
1b, 1c), with an approximate size between 13 μm and 27 μm for (GA) and 0.2 μm to 15 
μm for cassava starch. For the whey protein concentrate, completely irregular shapes 














Figure 1. Encapsulating matrices without mixing, before the spray-drying process. a. Gum 
arabic. b. Whey protein concentrate. c. Cassava starch. 
 
Spherical shapes were observed after the spray-drying process, with sizes from 2 to 13 
μm for the WPC and WPCYL matrices (Figures 2 and 3), and a noticeable decrease in 
the encapsulated size and smooth uninterrupted surfaces were observed.  
For gum arabic (Figures 2 and 3), spherical shapes after spray drying were observed for 
the simple matrix (GAL) and for the mixtures: GAYL, with particle sizes from 1 μm to 9 μm 
for GAL, from 4 to 17 μm for GAYL 50:50, and from 1.5 μm to 14 μm for GAYL 17:83. 
Spherical particles and the presence of concavities with uniform surfaces and without 
cracks or bumps at t1 were also observed. 
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Figure 2. Individual matrices after the spray-drying process over the three study periods: 
a, b, c – gum arabic-limonene for storage periods 1, 2 and 3; d, e, f – whey protein 

































Figure 3. Encapsulating matrix mixtures over the three storage periods t1, t2 and t3: a, b, 
c – whey protein concentrate-cassava starch at proportion of 50:50; d, e, f – gum arabic-
cassava starch at a proportion of 50:50; g, h, i – whey protein concentrate – cassava 
starch at a proportion 17:83; j, k, l – gum arabic – cassava starch at a proportion 17:83. 
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All the microcapsules, regardless of the encapsulating matrix used, showed rounded 
external surfaces with some concavities. Holes and fractures in the external surface of the 
particle were not observed nor were broken microcapsules. These results are a good 
indicator of the efficiency of the microcapsule preparation process via spray drying [29]. 
The presence of constrictions in the surface was attributed to the drying mechanisms and 
spraying involved in the spray-drying process [30, 31] and to the containment materials, 
which possessed a high proportion of carbohydrates [32, 33]. 
 
Behavior of stored encapsulates at 40°C and at 75% RH 
For gum arabic (GAL) (Figure 2 b), after 11 days of storage under accelerated-aging 
conditions (40°C and 75% RH), surface roughness and particle sizes between 1.2 μm and 
16 μm were observed. Powders from the GAYL 50:50 and GAYL 17:83 mixtures (Figure 
3e and 3k) showed the formation of agglomerates between the particles and a greater 
difference between the particles in a range of 1.5 μm to 20 μm and from 1.8 to 18 μm, 
respectively. 
After 22 days of storage, the formation of agglomerates and migration of the oil to the 
surface in the form of dark stains was observed, a result not observed at t=1 and t=2; 
these stains were not observed with the whey protein at t3. For the GAYL 50:50 and 
GAYL 17:83 systems (Figure 3F and 3I), the formation of agglomerates with sizes 
between 30 μm and 45 μm was observed. 
Over 11 storage days, the whey protein concentrate/limonene and the mixtures of 
cassava starch WPCYL 50:50 and WPCYL17:83 (Figure 2e, 3b, 3h) showed particle 
sizes between 1.7 μm and 20 μm, without microcapsule surface cracks and without the 
formation of agglomerates.  
After 22 days of storage, the WPCL, WPCYL 50:50 and WPCYL 17:83 mixtures (Figures 
2f, 3c, and 3i) conserved the t2 particle size, and the beginning of cavities was observed, 
possibly leading to the formation of agglomerates (Fig 3i). In these mixtures, particles with 
cracks, porosity, or toothed surfaces were not found, indicating that the matrices from the 
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WPCL and WPCYL systems at the two proportions studied might be stable under 
accelerated-aging conditions over 22 days.  
The behavior of each of the matrices analyzed over the three study periods indicated that 
the whey protein concentrate and its mixture with cassava starch exhibit a greater stability 
as limonene-encapsulating materials in comparison to gum arabic and its combination 
with cassava starch. 
Similar results for spray-dried encapsulates in mixtures of maltodextrin and gum arabic 
were obtained by Turchiuli et al. [22], with average particle diameters of 32 μm. Ahmed et 
al. [34] used sweet-potato flour and found similar results for the flour before encapsulation 
and after undergoing a process of spray drying for both the plain flour and for mixtures 
with ascorbic acid and maltodextrin in different proportions. Pagola et al. [35] 
encapsulated orange peel oil in modified cornstarch via reactive extrusion and found 
morphologies similar to those obtained in the present study.  
Smooth surfaces without cracking were obtained for the gum arabic-cassava starch and 
whey protein-cassava starch mixtures at proportions of 50:50 and 17:83 in comparison to 
the ternary mixtures (gum arabic-maltodextrin-modified starch) studied by Singhal, 
Kanakdande, and Bhosale [28], results that showed toothed surfaces with cracking after 
the spray-drying process. 
2.3.2 X- Ray diffraction  (XRD) 
The liberation of volatile compounds encapsulated in amorphous matrices can occur 
when the amorphous matrix transforms from the vitreous state to the gum state, either 
through an increase in moisture content or at elevated temperatures, leading to a collapse 
of the system [38]. X-ray diffraction of each of the encapsulating matrix and their mixtures 
permitted the analysis of the stability of each and of its behavior under storage conditions. 
Figure 4a, 4b, and 4c show the XRD results for the prime materials used to encapsulate 
limonene before the spray-drying process. In Figure 4a, the cassava starch as the primary 
material shows representative peaks between 10° and 40°, which might be related to the 
crystalline phase of the starch used. In Figure 4b, arabic gum as the prime material shows 
very defined and intense peaks, indicating the presence of crystalline planes oriented 
between 10° and 40° in the polymeric matrix before limonene encapsulation. For the 
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whey protein concentrate shown in Figure 4c, broad peaks were observed, indicating that 
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c 
Figure 4. Encapsulating matrices before spray drying: a. Cassava starch, b. Gum arabic, 
c. Whey protein concentrate. 
The X-ray diffractograms for encapsulated limonene in the gum arabic and gum arabic-
cassava starch matrices at a proportion of 50:50 and 17:83 are shown in Figure 5a, 5b 
and 5c. For limonene encapsulated in gum arabic (Figure 5a), the encapsulating matrix 
lost the representative peaks for crystalline structure after the spray-drying process, and 
noise was also observed as a broad peak and a movement of the baseline. These 
observations indicate a transition to an amorphous phase, which was maintained for 22 
days under accelerated-aging conditions (40°C and 75% RH). When changing from the 
amorphous crystalline phase, the system tended towards instability, and the encapsulated 
limonene showed greater mobility within the structure, even migrating to the surface of the 
capsule, as observed in the scanning electron microscope analysis (Figure 2c). The 
presence of dark stains on the surface may be due to the migration of limonene from the 
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Figure 5. X-ray diffraction for encapsulating matrices after spray drying over three study 
periods (t1,t2 and t3) under controlled temperatura and moisture conditions of 40°C and 75 
% RH a. Gum arabic-limonene; b. Gum arabic-cassava starch-limonene (50:50); c. Gum 
arabic-cassava starch-limonene (17:83); d.Whey protein concentrate-limonene; e.Whey 
protein concentrate-cassava starch-limonene (50:50); f.Whey protein concentrate-
cassava starch-limonene (17:83). 
The appearance of peaks before 10° and up to 40° was observed in the mixture of the 
encapsulating matrices (Figure 5b) composed of 50:50 gum arabic-cassava starch after 
22 days of storage, indicating the initiation of system stabilization and the recovery of 
crystalline planes over time. Similarly, for the 17:83 ratio (Figure 5c), there was a 
tendency toward system stability through the formation of crystals over time (t3), with the 
presence of intense peaks between 10° and 40°. This result might be associated with the 
interactions among pure polymer chains being replaced with interactions between the 
starch and gum arabic chains, with electrostatic interactions predominating [36].  
The presence of cassava starch could help recover the crystalline structure of the system, 
as the presence of limonene was not observed in the surface of the samples analyzed via 
scanning electron microscopy (Figure 3d, 3e, 3f, 3j, 3k and 3 l) in comparison to the gum 
arabic samples (Figure 2c).  
Spray drying may induce changes in the crystallinity of the prime materials, leading to 
amorphous states. Moreover, the vitreous state is a meta-stable state and might 
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temperature and moisture content [36]. When the storage temperature is higher than the 
temperature of vitreous transition and the material absorbs humidity, the transition of the 
material from an amorphous state to a gum state can transform it to a crystalline state or 
cause it to collapse. This last state most likely occurred with the gum arabic-encapsulated 
limonene powders (Figure 5a) during storage [37, 38]. As can be observed in the 
scanning electron microscope analysis (Figure 2c), the encapsulated oil migrated from the 
nucleus of the capsule to the surface due to the increased mobility of the oil within the 
capsule structure.  
The X-ray diffraction results for the whey protein concentrate matrices and the mixtures of 
cassava starch at 50:50 and 17:83 ratios are shown in Figure 5d, 5e, and 5f. The whey 
protein concentrate (Figure 5d) showed a slight baseline and broad peak movement, 
which is evidence of the amorphous phase of the matrix after the spray-drying process 
used to encapsulate the limonene.  
The system remained in an amorphous phase during the three accelerated-aging periods 
and was not altered or modified. Scanning electron microscopy complimented this 
analysis, whereby limonene did not appear on the surface of any of the whey protein 
concentrate systems yet did appear in the mixtures with cassava starch (Figures 2d, 2e, 
2f, 3a, 3b, 3c, 3g, 3h and 3i). These results lead to the consideration of whey protein and 
mixtures with cassava starch as appropriate encapsulants for such essential oils as 
limonene. 
The low crystallinity observed over 22 days of storage under accelerated-aging conditions 
for the limonene encapsulated in whey protein concentrate and its formulations with 
cassava starch showed amorphous phases that helped to increase limonene retention 
[39, 3] 
2.3.3 Determining the concentration of encapsulated limonene 
using gas chromatography 
The total limonene content after the spray-drying process in each of the encapsulant 
matrices (Table 2) was reduced in comparison to the 3 g/100 g of matrix in dry base of the 
initial emulsion. The loss of limonene during spray drying was less than 15% for gum 
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arabic and the mixture with cassava starch at a 50:50 proportion, and the loss was below 
30% in the whey protein concentrate during the drying process for both the individual 
matrix and the mixture of cassava starch at a 50:50 proportion. 
The mixtures of gum arabic and whey protein concentrate with cassava starch at a 17:38 
proportion exhibited a loss of 50% in limonene content during the encapsulation process. 
Similar results were found by Pagola and Beristain [35] for phosphated, acetylated 
cornstarches treated with n-octenyl succinate to encapsulate orange peel oil.  
During the accelerated-aging study, it was found that, after 11 (t2) and 22 days (t3) at 40°C 
and 75% RH, the loss was less than 20% for the whey protein-cassava starch at a 17:83 
ratio and less than 12% for gum arabic-cassava starch (17:83) during the first 11 days.  
Table 2.   
Limonene concentration on the surface and encapsulated limonene, as 
determined quantitatively using gas chromatography. 
Sample Storage Time 
Grams of 







t1 = 0 days 0.02342
B 2.5297A,B 2.5531 
t2 = 11 days 0.02603
A 0.5753C 0.6013 
t3 = 22 days 0.023149
A 0.7526B 0.7757 
GAYL 50:50 
t1 = 0 days 0.02254
B 2.6986A 2.7211 
t2 = 11 days 0.05106
A 0.7785C 0.8296 
t3 = 22 days 0.028186
A 0.8685B 0.8967 
GAYL 17:83 t1 = 0 days 0.03537
B 1.4759C 1.5113 
 
 
Table 2. Continue 
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Sample Storage Time 
Grams of 







t2 = 11 days 0.03005
A 1.6610B 1.6911 
t3 = 22 days 0.030618
A 0.7526B 0.7832 
WPCYL 50:50 
t1 = 0 days 0.05895
A,B 2.2391A,B 2.2981 
t2 = 11 days 0.02708
A 2.6807A 2.7078 
t3 = 22 days 0.032869
A 1.6242A 1.6571 
WPCYL 17:83 
t1 = 0 days 0.09803
A 1.4984C 1.5964 
t2 = 11 days 0.03543
A 1.3703B 1.4057 
t3 = 22 days 0.026597
A 1.2782A,B 1.3048 
WPCL 
t1 = 0 days 0.04782
B 2.1135B 2.1613 
t2 = 11 days 0.03942
A 1.4426B 1.4820 
t3 = 22 days 0.027443
A 1.8269A 1.8543 
A,B,C, the average values with the same superscripted letter are not significantly different for each group of data  at times 0,1 y 2. 
The retention of volatile compounds and the effectiveness of microencapsulation are the 
most important aspects of the process, depending mainly on the total content of retained 
oil in each of the matrices after spray drying and on the content of oil remaining directly 
trapped within the capsule. Similar results to those recorded in this study were obtained 
with whey protein concentrate matrices for such oils as those of oregano and marjoram 
for both encapsulated and surface oil [17].  
Regarding other encapsulation techniques, such as extrusion, results have been found 
that are within similar ranges of encapsulation efficiency for limonene in β-cyclodextrins 
[23], whereby the interaction between starch and limonene shows a high degree of 
coverage. This coverage is particularly due to the interaction with the linear phase of the 
starch (amylose), which supports the retention of flavor by forming an inclusion matrix 
with a low molecular weight. The helical shape of amylase in solution provides a 
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hydrophobic cavity inside the helix for bonding with flavor components [40, 41, 42, 43, 44, 
45]. 
Sharma and Arya [46] evaluated the effect of the hydrochloride concentration on the 
retention of essential oils of cumin oleoresin by varying the concentration of gum arabic 
from 20% to 45% and observed retentions above 40%. Similar data were obtained for the 
mixtures of gum arabic and cassava starch at 50:50 and 17:83 proportions and whey 
protein concentrate-cassava starch at 50:50 and 17:83 proportions. 
Gum arabic, sucrose, and gelatin mixtures in different proportions have been evaluated 
for encapsulating limonene via lyophilization [13], with similar results to those obtained in 
the present study with mixtures of gum arabic-cassava starch and whey protein-cassava 
starch. 
It has been found that mixtures of gum arabic with other encapsulating materials show 
greater performance than gum arabic alone. This is the case for the microencapsulation 
of orange oil, cumin oleoresin, and cardamom oleoresin [47, 35, 28]. 
The content of surface oil after spray drying was lower than 3% with respect to the total oil 
content of the emulsion. Similar results were obtained by Turchiuli et al. [22], and results 
similar to those shown in Table 3 were obtained by Sansukcharearnpon et al. [27] and 
Chin et al. [25] for volatile compounds of durian encapsulated in mixtures of gum arabic 
and starch. 
Table  3.   
Efficiency of encapsulation in percentages 
Sample Encapsulated limonene (g) Encapsulation efficiency (EE%) 
GAL  2.5297 84.3233 
GAYL 50:50  2.6986 89.9533 
GAYL 17:83  1.4759 49.1966 
WPCYL 50:50  2.2391 74.6366 
WPCYL 17:83  1.4984 49.9466 
WPCL 2.1135 70.4500 
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2.3.4 Water solubility Index (WSI) and water absorption index  
(WAI) 
The Water Absorption Index (WAI) measures the volume occupied by starch after 
swelling up in excess of water, which is related to its cooking degree [49], while the Water 
Solubility Index (WSI) can be used as an indicator of the degree of molecular damage 
[50]. In this study similar WSI and WAI values to the ones reported by Hill et al. (1999) 
[51] were found for native cassava starch. 
The Water Solubility Index (WSI) decreased significantly in the GAYL and WPCYL 
mixtures in the proportions of 50:50 and 17:83 with respect to the GAL and WPCL 
matrixes alone at t1. Such a decrease in water solubility index is consistent with the low 
solubility of cassava starch in its native condition, as it is shown in Table 3. 
When cassava starch combines with the Arabic gum and milk protein concentrate 
mixtures in the evaluated proportions and is then dried using spray drying the WSI 
increases significantly indicating that there are no compatible interactions between starch-
GA molecules or between the starch-WPC molecules. Opposite results were obtained in 
the study with cassava starch / extruded polylactic acid (PLA) with different organoclays, 
which reduced the WSI value and increased the WAI value by combining with extruded 
cassava starch-PLA, indicating the compatibility of interactions between the studied 
matrixes when subjected to the extrusion process [52]. 
In the storage study under controlled conditions (40°C and 75%RH) high stability in 
solubility behavior for all the starch mixtures with the encapsulating matrixes was found in 
the different proportions at both t2 (11 storage days) and t3 (22 storage days) (Table 3). 
In the spray drying process the integrity of the starch granule is maintained and the 
opposite happens in extrusion processes in which the native starch granule is 
decomposed or dextrinized, reason why water solubility index increases [50]. In this study 
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the WSI increases in relation to the individual WSI for native cassava starch due to the 
mixture with encapsulating matrixes with higher solubility indexes like GA and WPC.   
 
Table 4. 
 Water solubility index (WSI) and water adsorption index (WAI) for each of the 
encapsulating matrixes at the three evaluated times. 
Encapsulating agent Proportion WSI % WAI g/g 
Non-encapsulated individual matrixes 
WPC  82.55b,c 0.78e,f 
GA  80.76b,c,d 1.01d,e 
AY  0.01h 1.96a 
Encapsulated individual matrixes and experimental mixtures 
Time 1, 0 days 
GAL   89.79a 0.39f 
WPCL   77.27c,d 0.70e,f 
GAYL 50:50 52.71e,f 0.91e,f 
WPCYL   50:50 48.52e,f 1.18b,c,d,e 
WPCYL   17:83 18.08g 1.72a,b,c 
GAYL  17:83 17.40g 1.64a,b,c,d 
Time 2, 11 days 
GAL   76.36c,d 1.87a 
WPCL  74.96d 0.78e,f 
GAYL  50:50 53.85e,f 0.89e,f 
WPCYL  50:50 48.46e,f 1.15b,c,d,e 
WPCYL  17:83 17.30g 1.81a,b 
GAYL  17:83 17.63g 1.74a,b,c 
Time 3, 22 days  
GAL   85.22a,b 0.93e,f 
WPCL   75.56d 0.69e,f 
GAYL  50:50 54.19e 0.87e,f 
WPCYL  50:50 47.95f 1.11c,d,e 
WPCYL  17:83 17.85g 1.69a,b,c 
GAYL 17:83 18.01g 1.64a,b,c,d 
a, b, c, d, e, f, g, h. - Measures with the same letter do not show significant statistical differences. 
The GA encapsulating matrix after going through spray drying shows a higher WSI than 
the non-encapsulated matrix [34]. This indicates that the temperature of the spray drying 
process affects the matrix structure generating significant variation in solubility behavior 
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during the storage time under controlled conditions (T°=40°C, 75% RH). The opposite 
happened with the WSI values for the mixtures with cassava starch and the WPCYL 
mixtures in a proportion of 50:50 and 17:83. 
 
A similar behavior to WSI was observed in WAI for all the matrixes and encapsulating 
mixtures. Arabic gum showed significant variations before and during the three evaluation 
times. The main factor affecting WAI is temperature [7]. Anderson [53] found out that WAI 
increases with the severity of the thermic treatment and then decreases when starch 
begins to decompose. The increase in Water Adsorption Index (WAI) has always been 
associated with the loss of crystalline structure of the starch which does not occur in any 
of the cases of the GAYL, WPCYL binary systems in a proportion of 50:50 and 17:83 [54] 
since cassava starch granule was not modified during spray drying. The opposite occurs 
in extrusion processes where the WAI value increases to the double or triple with respect 
to the native starch [51]. 
2.3.5 Colorimetry  
A similar study to the one with limonene in the evaluated matrixes is the one on the 
microencapsulation of apple juice in chitosan and isolated bovine whey protein dried by 
spray drying[36] showing particle size distributions similar to the ones obtained by 
scanning electron microscopy in this study. The authors of the above mentioned study 
found a significant reduction in L value from the 56th storage day on at ambient 
temperature and in "a" value after 98 days, while the reduction in "b" was observed after 
the 28th day. 
Table 5. 
Values of L*, a*, b*, chrome c* and tone ho for each of the encapsulating matrixes 
at times t=1, 2, 3 
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A, B, C, D, E, F, G, H, I, J, K. Means between samples with the same letter do not show significant statistical differences. 
Significant statistical differences were not found in this study for L* values in the WPCL 
and WPCYL encapsulates in a proportion of 50:50 and 17:83, during the times t1, t2, t3. 
Opposite results were obtained for Arabic gum and the mixtures with cassava starch. 
After spray drying the L* value increased significantly during the t2 and t3 storage times.  
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No significant statistical differences where observed in a* in the GAL, GAYL 50:50, WPC, 
WPCYL 50:50 systems in the three evaluated times. The opposite was observed with the 
proportion of 17:83 for WPCYL and GAYL in the t2 and t3 storage times, indicating that 
the presence of cassava starch at high concentrations significantly affects a* value. 
The non-encapsulated matrixes show significant statistical differences in a* value with 
respect to the encapsulated matrixes, indicating that the temperature of spray drying 
modifies a* parameter in the encapsulating matrixes. With respect to b* no significant 
statistical differences were found on the GAL samples through time, but the presence of 
cassava starch affects the color parameter b* in combination with Arabic gum. Cassava 
starch together with WPC take part In the same way affecting significantly b* value in the 
mixtures. 
The c* value for Arabic gum before spray drying is higher in relation to the Arabic gum-
limonene encapsulates at the three storage times. This allows to show that the drying 
temperature at 170°C ± 5 and the feeding of the pump to the stem (30%) allow obtaining 
GAL capsules that are stable over storage time, and the same regarding to the mixtures 
with cassava starch in a proportion of 50:50 and 17:83, finding out that Arabic gum alone 
or in combination with cassava starch allow obtaining stable encapsulating matrixes for c* 
parameter over the three evaluated times. 
The opposite happens to WPCL and the mixtures with cassava starch 50:50 and 17:83. 
During the accelerated stability study the c* value showed to start increasing significantly 
possibly due to the presence of the protein amino acids and the Maillard reactions 
causing a slight browning in the encapsulate [7]. 
Significant statistical differences were found for ho value between the GAL and GAYL 
(50:50 and 17:83) systems in relation to the WPCL and WPCYL (50:50 and 17:83) 
systems. Regardless of the amount of cassava starch that was added probably the 
behavior in this parameter is influenced by the presence of Arabic gum or the milk protein 
concentrate. 
Over the study time under accelerated aging conditions the presence of cassava starch 
showed to favor the protection of the oil that is encapsulated in each matrix compared to 
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Arabic gum alone, which in turn shows oil migration to the surface from the 22nd storage 
day on. This same situation was observed in another study with scanning electron 
microscopy. The WSI value for GAL increased after spray drying indicating a possible 
modification in the encapsulating matrix. The L* value increased in the GAL and GAYL 
systems in the different proportions over storage time compared to the WPCL and 
WPCYL systems in a proportion of 50:50 and 17:83. 
 
Conclusions 
Mixtures of cassava starch-gum arabic and whey protein-cassava starch in the 
proportions studied allowed limonene to be captured in proportions above 40% via spray 
drying. This process created capsule morphologies without cracking and with uniform 
surfaces, indicating that the encapsulation process and the matrices used offer adequate 
protection to limonene. The X-ray diffraction analysis allowed for an understanding of the 
behavior of the encapsulated matrices over time and of their interaction with cassava 
starch at 50:50 and 17:83 proportions. The presence of starch might have contributed to 
retaining the crystalline phase of gum arabic and stabilizing the system of whey protein 
concentrate, providing greater retention ability for the limonene encapsulated in these 
matrices.  
Gum arabic showed a greater efficiency of encapsulation than whey protein and the 
mixtures with cassava starch, but its stability during storage under accelerated-aging 
conditions was notably reduced in comparison with the whey protein concentrate and 
mixtures of cassava starch.  
The results suggest that the water solubility index and water adsorption index are 
influenced by the presence of cassava starch in each of the evaluated mixtures. The 
same happens with the color parameters L*, a*, b*, C*, and ho. 
Nomenclature 
GA Gum arabic 
Y Cassava starch 
WPC Whey protein concentrate 
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a* Red-green color parameter 
b* Blue-yellow color parameter 
L* Luminosity 
EE Encapsulating efficiency 
t1 Initial period, 0 days of storage 
t2 11 days of storage 
t3 22 days of storage 
RH Relative humidity 
XRD X-ray diffraction 
SEM Scanning electron microscopy 
CG Gas chromatography 
kV Kilovolts 
mA Miliamperes 
WSI Water solubility index 
WAI Water absorption index 
 
Greek letters 
θ Angle measured in degrees (X-ray diffraction) 
β Orientation of a molecule in space 
α Orientation of a molecule in space 
λ Wavelength (X-ray diffraction) 
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3. Conclusiones y Recomendaciones 
3.1 Conclusiones 
El concentrado de proteína de suero de leche y  las mezclas con almidón de yuca, 
permitieron encapsular limoneno mediante secado por aspersión, con una eficiencia 
mayor al 40% determinada por cromatografía de gases.  Respecto a goma arábiga 
utilizada como testigo, se encontró una eficiencia del 84% y su estabilidad se redujo a 
través del tiempo  en  condiciones controladas de  almacenamiento t=2 (22 días); lo 
contrario ocurrió con los sistemas encapsulantes que presentan almidón de yuca en su 
estructura, WPCYL , GAYL en proporciones 50:50 y 17:83 , los cuales presentaron 
estabilidad de todo el sistema encapsulante durante los tiempos: t=1 (11 días) y  t=2 (22 
días) en condiciones de almacenamiento controlado. 
La caracterización morfológica de los sistemas encapsulantes se evaluó por difracción de 
rayos X, encontrando que el almidón de yuca ayuda a mantener la estabilidad de cada 
uno de los sistemas encapsulantes estudiados, WPCYL y  GAYL en proporciones 50:50 y 
17:83.  Por microscopia electrónica de barrido se observaron microcapsulas de 
superficies lisas y sin agrietamientos, lo que permitió establecer que el secado por 
aspersión de cada una de  las matrices  WPCYL y GAYL en proporciones 50:50 y 17:83  
ofrecieron la protección adecuada al limoneno encapsulado. 
Índices de solubilidad en agua (ISA), Índices de absorción en agua (IAA), párametros de 
color L*,a*,b*,c*, h0 , se vieron influenciados por la cantidad de almidón de yuca presente  
en las mezclas WPCYL y GAYL en las proporciones 50:50 y 17:83, durante los tiempos 
de almacenamiento t=1 (11 días) y t=2 (22 días). 
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3.2 Recomendaciones 
Realizar análisis termogravimétrico para cada una de las matrices encapsulantes 
estudiadas en cada uno de los tiempos de estudio,  para complementar el análisis 
realizado por difracción de rayos x y comprender el comportamiento de las matríces 
encapsulantes y el núcleo en función del peso de cada uno y la temperatura. 
Determinar el tamaño de partícula de cada una de las emulsiones, para explicar su 
influencia en la retención de limoneno y como parámetro de calidad al finalizar el proceso 
de secado por aspersión. 
Cuantificar por cromatografía de gases la cantidad de  óxido de limoneno formado 
durante el tiempo de almacenamiento  para determinar la eficiencia de encapsulación de 
los materiales de pared. 
Estudiar por cromatografía de grases los subproductos de oxidación de limoneno durante 
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